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An  unconventional  high  temperature  fuel  cell  system,  the  liquid  tin  anode  solid  oxide  fuel  cell  (LTA-SOFC), 
is  discussed.  A  thermodynamic  analysis  of  a  solid  oxide  fuel  cell  with  a  liquid  metal  anode  is  devel¬ 
oped.  Pertinent  thermochemical  and  thermophysical  properties  of  liquid  tin  in  particular  are  detailed. 
An  experimental  setup  for  analysis  of  LTA-SOFC  anode  kinetics  is  described,  and  data  for  a  planar  cell 
under  hydrogen  indicated  an  effective  oxygen  diffusion  coefficient  of  5.3  x  10~5  cm2  s_1  at  800  °C  and 
8.9  x  10~5  cm2  s-1  at  900  °C.  This  value  is  similar  to  previously  reported  literature  values  for  liquid  tin. 
The  oxygen  conductivity  through  the  tin,  calculated  from  measured  diffusion  coefficients  and  theoretical 
oxygen  solubility  limits,  is  found  to  be  on  the  same  order  of  that  of  yttria-stabilized  zirconia  (YSZ),  a 
traditional  SOFC  electrolyte  material.  As  such,  the  ohmic  loss  due  to  oxygen  transport  through  the  tin 
layer  must  be  considered  in  practical  system  cell  design  since  the  tin  layer  will  usually  be  at  least  as  thick 
as  the  electrolyte. 
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1.  Introduction 

According  to  the  International  Energy  Agency,  world-wide 
demand  for  energy  will  continue  to  expand  at  rates  of  about  1.6% 
per  year,  which  by  2030  will  accrue  to  an  overall  45%  increase  from 
2006  [1].  Much  of  this  energy  will  be  electric-based,  especially 
if  plug-in  hybrid  vehicles  significantly  impact  the  transportation 
market.  Even  with  the  expected  high  growth  of  renewable  energy 
technology,  less  than  5%  of  total  power  generation  is  expected  to 
come  from  non-hydro  renewables  by  2030.  The  United  States  of 
America  currently  generates  68%  of  electricity  from  fossil  fuels,  with 
44%  of  the  total  power  coming  from  coal  [2].  Hence,  to  achieve  long 
term  energy  security,  electric  power  production  from  coal  can  be 
expected  to  continue.  To  minimize  the  impact  to  the  environment, 
C02  capture  and  sequestration  technology  has  received  significant 
global  attention,  and  much  work  is  being  done  to  develop  such 
capability  [3,4]. 

To  further  minimize  the  cost  and  environmental  impact  of  elec¬ 
tric  energy  production  from  coal,  higher  efficiency  systems  are 
required.  High  temperature  fuel  cells,  such  as  solid  oxide  fuel  cells 
(SOFC),  directly  and  efficiently  convert  fuel  energy  into  electric¬ 
ity  through  electrochemical  reactions  (vs.  combustion  reactions 
that  produce  only  heat).  This  technology  can  convert  the  chemi¬ 
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cal  energy  into  electricity  with  a  wide  variety  of  fuel  sources  such 
as  coal,  biomass,  and  various  hydrocarbon  waste  streams  such  as 
wood,  paper,  and  plastics,  into  electricity  [5].  An  important  con¬ 
sideration  for  any  of  these  fuels  is  managing  the  impact  of  trace 
elements  contained  in  these  fuels  on  cell  component  degrada¬ 
tion.  At  the  high  operating  temperatures  of  conventional  SOFCs 
(ca.  750-1 000  °C),  fuel  contaminants  such  as  sulfur  and  trace  fuel 
constituents  such  as  arsenic,  phosphorus,  and  chlorine  react  with 
the  anode  materials  thereby  reducing  the  electrochemical  reaction 
rates,  increasing  the  electric  ohmic  resistances  of  their  materials, 
and  causing  material  phase  changes  that  can  weaken  materials  and 
result  in  mechanical  failure  [6-8]. 

Mitigating  the  impact  of  such  reactions  requires  reduction  of  the 
trace  element  loading  via  filters  and  sorbent  catalysts,  or  increas¬ 
ing  the  robustness  of  the  anode  materials  to  improve  tolerance  for 
exposure  to  contaminant  materials.  In  this  paper  we  consider  a 
metal  anode  material  that  resides  as  a  liquid  layer  between  the 
fuel  gas  and  the  cell  electrolyte,  as  shown  in  Fig.  1.  An  example 
of  such  technology  is  CellTech  Power’s  direct  conversion  fuel  cell 
technology  based  on  the  liquid  tin  anode  solid  oxide  fuel  cell  (LTA- 
SOFC)  [5,9-13].  This  technology  has  been  demonstrated  to  operate 
on  gaseous,  liquid,  and  solid  carbonaceous  fuels  without  fuel  pro¬ 
cessing,  reforming  or  sulfur  removal.  System  efficiency  is  expected 
to  be  61%  for  coal-based  systems  [10].  Current  state  of  the  art  sin¬ 
gle  cell  performance  shows  a  power  density  of  170mWcm-2  on 
hydrogen  and  JP-8  fuel  [13]. 

The  anode  in  Fig.  1  is  a  liquid  layer  that  fully  covers  the  active 
oxygen  exchange  area  between  the  electrolyte  and  the  anode.  The 
anode  serves  as  a  buffer  against  fuel  contaminants,  as  it  blocks 
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Fig.  1.  Liquid  metal  anode  SOFC,  with  tin  as  the  metal. 


the  transport  of  insoluble  or  slag-forming  constituents  to  the  elec¬ 
trolyte  and  impedes  the  transport  of  soluble  fuel  contaminants, 
thereby  reducing  the  rate  of  contaminant  reactions  with  the  elec¬ 
trolyte.  Fuel  contaminants  that  can  be  electrochemically  oxidized 
could  also  provide  a  fuel  source  [10].  It  is  also  postulated  that  the 
electrolyte  surface  usage  efficiency,  r)es,  is  improved  over  existing 
porous  solid  anode  technology  because  the  liquid  layer  fully  covers 
the  electrolyte.  Hence,  oxygen  reactions  can  be  expected  to  occur 
over  the  full  surface  of  the  electrolyte  when  using  a  liquid  anode, 
instead  of  only  around  triple  phase  boundaries  between  the  fuel, 
anode,  and  electrolyte. 

Some  technical  issues  require  attention  before  commercial 
deployment  of  the  liquid  anode  SOFC.  Foremost  is  developing  an 
understanding  of  how  oxygen  and  fuel  react  within  the  liquid  metal 
electrochemical  system.  In  particular,  electrochemical  oxidation 
kinetics,  compared  to  conventional  SOFCs,  can  be  relatively  slow 
for  liquid  metal  anodes,  which  diminishes  the  benefit  of  high  inter¬ 
facial  contact  [12].  Details  of  the  kinetics  of  the  oxygen  transfer 
at  the  liquid  metal-electrolyte  and  the  liquid  metal-fuel  interface 
need  to  be  studied.  Also,  oxygen  transport  within  the  liquid  anode 
is  not  fully  understood.  Quantitative  evaluation  of  oxygen  transport 
through  the  metal  anode  as  well  as  across  the  two  interfaces  will 
identify  the  rate-limiting  transport  step  for  given  cell  geometries  as 
well  as  indicate  probable  methods  of  cell  improvement.  This  paper 
reviews  relevant  data  for  liquid  tin-based  SOFCs  and  describes  our 
measurements  of  oxygen  transport  kinetics. 

Section  2  of  this  paper  presents  thermodynamic  considerations 
for  the  operation  of  a  liquid  metal  anode  SOFC.  Because  the  metal 
anode  acts  only  as  an  intermediary  in  the  overall  thermodynamic 
state  change  for  fuel  oxidation,  the  results  are  general  to  any  liq¬ 
uid  metal  anode  SOFC.  Special  consideration  is  given  to  operation 
in  battery  mode,  i.e.,  when  the  metal  is  oxidized  in  the  absence  of 
another  fuel  source.  Section  3  compiles  relevant  physical  and  chem¬ 
ical  properties  of  tin.  Section  4  describes  the  experimental  approach 
being  used  to  study  diffusion  transport  and  reaction  kinetics,  and 
presents  available  experimental  data.  Section  5  provides  a  sum¬ 
mary  of  the  work  and  provides  concluding  remarks. 

2.  Fundamentals  of  liquid  anode  SOFC  operation 


xH2  +  Sn[0*]Sn  Sn  +  xH20  (2.2) 

Reaction  (2.1)  occurs  at  the  anode-electrolyte  interface.  Reac¬ 
tion  (2.2)  occurs  at  the  fuel-anode  interface.  In  the  above  equations, 
O2-  is  an  oxygen  ion  supplied  to  the  anode  through  the  electrolyte. 
[Ox]Sn  is  a  state  of  oxygen  within  the  metal  anode  (tin  for  the  reac¬ 
tions  shown  in  these  equations).  The  use  of  the  parameter  Y  is 
used  because  the  state  of  oxygen  in  the  tin  is  not  definitely  known 
and  may  vary  with  operating  conditions  (e.g.,  the  atmosphere,  the 
exact  tin  alloy  composition).  Oxygen  may  associate  tightly  with 
Sn  to  form  an  oxide  or  suboxide,  or  loosely  in  a  dissolved  oxygen 
state  within  the  liquid  metal.  Although  several  [Ox]Sn  states  can 
be  considered,  for  operation  as  a  fuel  cell,  the  major  requirement 
is  that  the  oxygen  is  part  of  a  soluble  (i.e.,  not  solid)  species  that 
can  migrate  through  the  liquid  tin  to  the  anode-fuel  interface  to 
undergo  Reaction  (2.2). 

Adding  Eqs.  (2.1)  and  (2.2)  generates  the  global  anode  reaction 
between  hydrogen  and  the  oxygen  anion  (H2  +  02_  -*  H20  +  2e-). 
Such  an  overall  change  is  the  same  for  any  liquid  metal-based  SOFC 
anode  system,  although  the  value  of  Y  in  the  detailed  Reactions 
(2.1)  and  (2.2)  will  be  particular  to  a  given  metal-oxide  complex. 
For  example,  a  liquid  Ni  anode  with  similar  functionality  for  which 
Y  is  close  to  1  is  conceivable.  Further,  the  overall  reaction  is  iden¬ 
tical  to  other  SOFC  technology  (e.g.,  porous  Ni-YSZ  based  anode 
technology),  and  in  fact  is  generally  applicable  to  any  operating 
oxygen-ion-conducting  fuel  cell. 

2.1.  Ideal  potential 


Given  the  above  analysis,  we  can  directly  conclude  that  the  ideal 
potential  for  a  liquid  metal  anode  SOFC  will  be  the  same  as  any  other 
fuel  cell,  and  when  operating  on  hydrogen  fuel  the  ideal  potential 
can  be  written  as: 


Fjv 


2F  2  F  \  <3h2o— a  J 


or  more  generally  as, 


c  RT  1 
EN  =  4P  ln 


(  a02-C 
\a°2-A 


(2.3a) 


(2.3b) 


In  Eq.  (2.3),  FN  is  the  ideal  Nernst  voltage,  AG°  is  the  change 
in  the  standard  state  Gibbs  free  energy  for  the  overall  reaction 
H2  +  (l/2)02  ->  H20,  which  is  only  a  function  of  temperature,  az-y 
is  the  gas  phase  activity  (partial  pressures  when  assuming  ideal 
gas  behavior)  of  a  supplied  reactant  (‘z’)  present  in  either  the  cath¬ 
ode  or  anode  (y)  gas,  R  is  the  universal  gas  constant,  T  is  absolute 
temperature,  and  F  is  the  Faraday  constant. 


2.2.  Anode  gas-liquid  metal  equilibrium 


Anode  gas-phase  species  are  assumed  to  be  in  equilibrium  with 
their  counterparts  in  the  liquid  anode.  Such  equilibrium  occurs 
when  the  chemical  potential  of  a  species  in  the  gas  phase  is  equal 
to  the  chemical  potential  of  that  species  in  the  liquid  metal.  For 
oxygen  within  the  anode,  we  can  write  at  equilibrium: 


Mo2-a  =  Mo2-m 

Mo2  +  RT  ln(Qo2-A)  =  V°02  +  RT  ln(ao2-M)  (2.4) 


In  the  operation  of  a  liquid  metal-SOFC  system,  the  liquid  anode 
will  participate  as  an  ‘intermediary’  for  the  oxidation  of  fuel  deliv¬ 
ered  to  the  fuel  cell.  As  an  example,  consider  a  tin-based  SOFC  fueled 
by  hydrogen.  This  case  can  be  written  concisely  using  the  following 
reaction  steps  on  the  anode  side: 

Sn  +  xO2-  ->  Sn[Ox]Sn  +  2xe-  (2.1) 


ao2-A  =  qo2-m 

where  Ho2-m  stands  for  the  chemical  potential  of  02  in  the  liquid 
metal  anode  and  a02-M  is  the  activity  of  02  within  the  liquid  metal. 

The  concentration  of  H2  and  H20  present  in  the  anode  gas  corre¬ 
sponds  to  gas  phase  oxygen  activity.  The  gas  phase  oxygen  activity 
will  control  the  activity  of  oxygen  within  the  liquid  metal,  regard¬ 
less  of  the  dominant  form  of  oxygen  existing  within  the  liquid  metal 
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anode  (e.g.,  oxide,  suboxide,  or  dissolved  oxygen).  As  a  result,  we 
can  write  equivalently  for  Eq.  (2.3b): 


r  RT  , 
E"  =  4p  ln 


(2.5) 


In  summary,  under  equilibrium  conditions  at  open  circuit,  the  activ¬ 
ity  of  oxygen  within  the  tin  is  uniform  everywhere,  and  equal  to 
the  activity  of  oxygen  in  the  anode  gas  chamber,  and  provides  an 
equivalent  value  for  EN  as  that  given  by  Eq.  (2.3b). 


1.2 


0.6 


2.3.  Liquid  metal-metal  oxide  equilibrium 


The  above  equations  are  general  and  are  applicable  for  any 
concentration  of  oxygen  within  the  anode.  At  sufficiently  large  con¬ 
centration  of  oxygen  in  the  anode,  a  solid  metal-oxide  secondary 
phase  can  form  and  equilibrate  with  the  liquid  metal  and  oxygen 
present  in  the  anode.  As  shown  above,  when  oxygen  in  the  gas  is 
in  equilibrium  with  oxygen  in  the  liquid  metal,  the  source  of  oxy¬ 
gen  in  the  reaction  can  be  considered  as  from  either  the  gas  or  the 
metal: 


M  +  (x/2)02  MO*  (2.6) 

At  equilibrium,  the  change  in  Gibbs  free  energy  is  zero: 

AG  =  0  =  AC£,_M0;(  -  RT  ln  (oo2-ax/2)  (2.7) 

Solving  for  the  activity  of  molecular  oxygen  in  the  anode,  we  have: 


a 


x/2 

o2-a 


=  exp 


^  AG^i— MOx  ^ 


(2.8) 


Hence,  at  a  point  where  both  metal  and  metal-oxide  phases  are 
present  within  the  liquid  metal,  a  specific  activity  of  oxygen  within 
the  anode  gas  is  expected  (for  a  specific  operating  temperature)  as 
shown  in  Eq.  (2.8).  Eq.  (2.3b)  indicates  that  the  ideal  potential  will 
only  be  a  function  of  the  cathode  oxygen  activity  and  operating 
temperature  as  long  as  the  some  of  the  anode  remains  reduced.  It 
is  then  possible  to  write: 


0.5 

600  700  800  900  1000 

Temperature,  °C 

Fig.  2.  Nernst  potentials  for  Sn  +  02^Sn02,  Sn  +  (l/2)02  -*  SnO,  and 
H2  +(l/2)02  -►  H20.  Pressure  =  1  atm.  Cathode  air  02  partial  pressure  =  0.21  atm. 


While  the  above  theoretical  equilibrium  analysis  is  helpful 
for  estimating  fuel  cell  performance,  in  a  real  operating  fuel  cell 
(i>  0.0  A  cm-2),  the  system  is  not  in  a  static  equilibrium,  and  a 
higher  activity  of  oxygen  will  exist  within  the  liquid  metal  anode 
than  that  within  the  anode  gas  stream.  Specifically,  the  activ¬ 
ity  of  oxygen  near  the  liquid-electrolyte  interface  will  be  greater 
than  that  near  the  gas-liquid  interface  due  to  diffusion  resistance 
through  the  liquid  metal.  At  some  level  of  current  density,  interfa¬ 
cial  oxygen  activity  can  increase  sufficiently  above  that  in  the  anode 
gas  (which  can  be  maintained  low  in  the  presence  of  fuel),  and  a 
metal  oxide  phase  will  form.  As  most  metal  oxides  have  high  melt¬ 
ing  temperatures  and  may  or  may  not  be  good  ionic  or  electronic 
conductors,  their  formation  at  the  electrolyte  interface  will  reduce 
the  operating  potential. 

2.5.  Operational  losses 

In  the  analysis  of  common  SOFC  performance  where  the  anode 
is  supplied  gaseous  fuel  and  the  cathode  is  supplied  air,  the  cell 
voltage  at  a  given  current  load  is  often  represented  as: 


£»-^%^  +  glnK-c)  (2.9) 

2.4.  Estimates  for  non-equilibrium  operation 

In  summary,  the  general  equation  for  determining  the  ideal 
potential  is  given  by  Eq.  (2.3b).  If  it  is  known  that  both  metal  and 
metal-oxide  phases  are  present  (oxygen  activity  at  or  above  the  sol¬ 
ubility  limit),  then  the  Nernst  equation,  (2.9),  can  be  used  (e.g.,  in 
“battery  mode”  where  only  M  to  MOx  conversion  is  possible).  Alter¬ 
natively,  if  H2  (or  some  carbon-based  fuel)  is  available  for  reaction, 
then  the  Nernst  equation,  (2.3),  for  H2  to  H20  (or  C  to  C02)  con¬ 
version  can  be  used.  As  an  example,  Fig.  2  shows  both  equations 
plotted  over  a  range  of  temperatures  for  a  tin-based  SOFC  system, 
where  a  specific  hydrogen  content  of  97%  is  assumed.  For  such  high 
hydrogen  concentrations,  the  gas  phase  anode  oxygen  mole  frac¬ 
tion  is  very  low  (2.7  x  10-18  at  1000°C)  and  the  tin  is  effectively 
reduced. 

Fig.  3  shows  for  fixed  temperature,  how  oxygen  content  (02/Sn 
ratio)  in  the  anode  controls  the  ideal  potential.  For  the  1000°C 
case,  below  about  0.25%  02:Sn  the  oxygen  activity  increases  with 
increasing  oxygen  content  until  the  gas  phase  oxygen  mole  fraction 
is  ~8.8  x  1 0-14.  As  oxygen  is  added  to  this  system,  the  oxygen  activ¬ 
ity  within  the  metal  anode  becomes  fixed  until  all  Sn  is  converted 
to  Sn02  (ca.  02:Sn  =  1.0).  During  this  process,  the  Nernst  potential 
remains  fixed  at  0.8  V.  For  oxygen  content  of  02:Sn>l,  the  anode 
oxygen  activity  will  rapidly  increase  and  the  ideal  potential  will 
decrease. 


^cell  ~  En  ~  4 aa  ~  4ca  ~  4ac  ~  4 cc  ~  4 R  (2.10) 

in  which  rp  is  the  loss  in  voltage  due  to  particular  mechanism  T: 
aa  =  anode  activation  loss;  ca  =  cathode  activation  loss;  ac  =  anode 
concentration  loss;  cc  =  cathode  concentration  loss;  and  R  =  ohmic 
loss.  These  losses  also  exist  for  the  liquid  anode  SOFC  fuel  cell;  how¬ 
ever  the  exact  physical  contributions  to  each  of  these  components 
for  a  liquid  anode  SOFC  are  unique. 
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Fig.  3.  Nernst  potentials  and  anode  oxygen  mole  fractions  for  a  tin  +  oxygen  system 
with  varying  anode  oxygen: tin  molar  content,  cathode  oxygen  mole  fraction  =  0.21, 
P=1  atm.,  and  two  different  temperatures.  Concentration  data  for  oxygen  in  tin 
calculated  using  FactSage™  software. 


Table  1 

Properties  and  abundances  of  common  metals. 
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Metal 

7m,  °C 

Th,°C 

Abundance  [14],  ppm  of  crust 

Annual  production  [15],  tons 

Price  [15],  $kg_1 

Aluminum 

660 

2520 

83,000  (8.2%) 

36.9  million 

1.72 

Antimony 

631 

1587 

0.20 

187,000 

5.06 

Bismuth 

271 

1564 

0.063 

7300 

16.28 

Cadmium 

321 

767 

0.10 

18,800 

2.68 

Copper 

1085 

2563 

79 

15.8  million 

5.21 

Indium 

157 

2073 

0.05 

600 

390.00 

Lead 

328 

1750 

7.9 

3.9  million 

1.74 

Tin 

232 

2603 

2.5 

307,000 

13.88 

Silver 

962 

2163 

0.079 

21,400 

470.63 

Zinc 

420 

907 

79 

11.1  million 

1.72 

One  additional  loss  mechanism  unique  to  the  liquid  anode-SOFC 
system  pertains  to  the  kinetics  of  fuel  oxidation  at  the  anode-gas 
interface,  written  globally  for  tin  in  Eq.  (2.2).  Should  the  fuel  oxida¬ 
tion  reaction  be  sluggish  relative  to  oxygen  transport  in  the  liquid 
metal,  the  oxygen  in  the  bulk  liquid  metal  will  build  up,  with  the 
cell  voltage  being  determined  by  Eq.  (2.5).  For  a  finite  change  in 
the  activity  of  a02_ M  in  the  liquid  anode  (say  above  the  equilibrium 
concentration),  the  change  in  cell  voltage  will  be: 

ac  i  (  a02-IV[\  rn 

in  which  ry  is  the  interfacial  loss,  and  activity  of  dis¬ 

solved  oxygen  at  equilibrium  (zero  current  load).  Hence,  under 
current  loading,  the  activity  of  dissolved  oxygen  at  the  interface  will 
increase  above  equilibrium  conditions  thereby  causing  a  reduction 
in  cell  voltage.  If  we  assume  a  linear  variation  of  dissolved  oxygen 
activity  with  current  load,  e.g.,  a02_ M  =  a*2_M(^  +  */hx).  then  Eq. 
(2.11)  becomes: 


In  Eq.  (2.12),  iIx  can  be  interpreted  to  be  the  effective  exchange 
current  density  for  the  interface  kinetics.  As  long  as  the  current 
load,  i,  is  much  lower  than  this  interface  exchange  rate  current, 
the  loss  due  to  this  mechanism  will  be  small.  It  remains  to  be  seen 
whether  a  linear  relation  for  the  variation  of  activity  of  oxygen  at 
the  interface  is  valid,  but  given  the  first  order  relation  shown  in 
Eq.  (2.12)  for  dissolved  oxygen,  it  is  considered  a  viable  first-order 
approximation. 

Finally,  oxygen  mass  transport  through  the  liquid  metal  layer 
is  an  additional  loss.  The  speed  of  oxygen  transport  depends  upon 
the  diffusivity  of  oxygen  through  the  liquid  metal  and  the  amount 
of  dissolved  oxygen  species,  the  maximum  of  which  is  determined 
by  the  oxygen  solubility  limit  for  the  given  metal.  When  the  cur¬ 
rent  density  exceeds  the  anode’s  ability  to  transport  oxygen  to  the 
fuel-anode  interface,  metal  oxide  will  begin  to  precipitate  to  meet 
the  additional  current  demand,  again  reducing  the  operating  volt¬ 
age.  The  transport  of  a  small  amount  of  metal  oxide  phase  through 
the  liquid  metal  may  be  theoretically  possible,  depending  on  the 
size  of  the  metal  oxide  particle,  the  relative  densities  of  the  liquid 
metal  and  metal  oxide,  the  cell  geometry,  and  the  relative  ease  by 
which  the  metal  oxide  layer  can  be  dislodged  from  the  electrolyte 
surface.  Assuming  some  solid  metal  oxide  moves  across  the  anode, 
some  of  it  may  redissolve  into  the  liquid  metal  as  the  local  oxy¬ 
gen  activity  drops  below  the  oxygen  solubility  limit.  This  scenario 
seems  unlikely,  would  require  a  more  complex  transport  model, 
and  should  be  avoided  in  an  operating  LTA-SOFC  system  to  avoid 
unnecessary  complications. 

2.6.  Battery  mode 

If  the  metal  anode  material  is  readily  oxidizable,  then  it  can  also 
act  as  a  source  of  fuel  and  can  offer  another  reaction  pathway  with 


a  unique  Nernst  potential.  If  no  fuel  is  present  for  removing  oxy¬ 
gen  from  the  liquid  metal  (e.g.,  tin),  then  the  metal-SOFC  system 
becomes  a  battery  whereby  the  finite  quantity  of  metal  present  will 
be  steadily  oxidized  until  essentially  all  available  metal  becomes  a 
metal  oxide  phase  (e.g.,  Sn02).  Over  the  course  of  consumption  of 
the  metal,  the  amount  of  oxygen  gradually  increases  until  the  metal 
is  saturated  with  oxygen  at  an  activity  equal  to  that  of  the  cath¬ 
ode.  Based  on  Eq.  (2.9),  this  must  occur  after  essentially  all  metal  is 
oxidized  and  any  excess  oxygen  exists  within  the  anode  gas  at  an 
activity  equal  to  the  cathode  activity.  This  inherent  battery  capa¬ 
bility  provides  an  extra  source  of  capacity  to  the  system  that  can 
buffer  fluctuations  in  fuel  gas  supply,  thereby  providing  a  more  sta¬ 
ble  power  output.  The  limit  to  which  the  cell  can  act  as  a  battery 
is  determined  by  the  oxygen  solubility  limit  of  the  metal  and  the 
reversibility  of  the  formation  of  the  metal  oxide  phase.  Operating 
below  the  solubility  limit  of  oxygen  in  the  liquid  metal  is  safe,  but 
if  the  formation  of  a  secondary  metal  oxide  phase  is  irreversible,  it 
should  be  avoided,  as  it  would  permanently  depress  the  operating 
voltage  of  the  SOFC. 

3.  Tin  thermophysical  and  thermochemical  properties 

The  foregoing  discussion  has  been  generalized  for  any  liquid 
metal  anode  system,  with  some  specific  cases  given  for  tin.  Since 
the  authors’  work  is  focusing  on  the  use  of  tin  for  the  anode,  avail¬ 
able  property  data  for  tin  are  given  here.  Although  tin  has  been 
extensively  studied  regarding  its  solid  phase  properties,  and  has 
been  used  in  many  applications  such  as  containers,  solders,  and 
coatings,  the  specific  liquid  phase  material  properties  pertinent  to 
this  electrochemical  application  have  not  been  well  reported  in  lit¬ 
erature.  For  example,  a  wide  range  in  reported  oxygen  solubility 
values  exists  for  liquid  tin. 

3.1.  Basic  property  data 

Table  1  compares  the  melting  and  boiling  point  of  tin  with 
those  of  various  common  metals  with  melting  points  below 
1100°C  [14,15].  Tin  is  a  good  candidate  liquid  anode  material 
for  SOFCs  because  of  its  combination  of  low  melting  tempera¬ 
ture  (~231.88  °C)  and  high  boiling  temperature  (2603  °C)  [16].  The 
melting  point  of  232  °C  is  low  relative  to  a  typical  SOFC  operat¬ 
ing  temperature  of  1000  °C  and  facilitates  higher  oxygen  solubility. 
The  high  boiling  point  provides  low  vapor  pressures  (ca.  0.7  Pa  at 
1 000  °C)  and  therefore  low  vapor  loss  when  operating  at  SOFC  tem¬ 
peratures.  Although  tin  is  not  the  most  abundant  commodity  metal, 
the  tin  industry  is  very  well-established,  producing  over  one  quar¬ 
ter  of  a  million  tons  of  tin  annually  [15]. 

Table  2  is  a  compilation  of  thermophysical  property  data  for  tin, 
including  available  values  for  oxygen,  sulfur,  and  hydrogen  solubil¬ 
ity  [  1 6-1 9].  As  will  be  shown  in  Section  4,  the  existence  of  hydrogen 
in  the  tin  may  explain  the  faster  transient  behavior  identified  in 
the  present  tests.  The  solubility  of  sulfur  is  attractive  since  the  tin 
bath  can  tolerate  a  higher  sulfur  content  in  the  fuel  stream  than 
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Table  2 

Thermophysical  property  data  for  liquid  tin. 


Property 

Temperature,  °C 

Value 

Surface  tension  [16] 

231.88 

544  dynes  cm-1 

Viscosity  [16] 

231.88 

1.85  mNsirr2 

Expansion  on  melting  [16] 

231.88 

2.3% 

Density  [17] 

800 

6.58  gcrrr3 

1000 

6.48  gem-3 

Resistivity  [18] 

800 

62.1  |ji£2cm 

1000 

67.1  |ji£2cm 

Gas  solubility— oxygen  [16] 

536 

0.0001 8  wt% 

750 

0.0049  wt% 

Gas  solubility— hydrogen  [19] 

1000 

0.04cm3  H2/100g  Sn 

1300 

0.36  cm3  H2/100gSn 

Gas  solubility— sulfur  [45] 

800 

4.5  at% 

1000 

8.0  at% 

can  nickel.  The  sulfur  will  dissolve  and  disperse  into  the  liquid  tin 
instead  of  staying  adsorbed  on  the  tin  surface  or  forming  a  tin  sul¬ 
fide  (at  least  until  it  is  oxidized  or  the  solubility  limit  is  exceeded). 
The  sulfur  can  then  be  oxidized  as  an  additional  fuel  since  it  does 
not  immediately  hinder  the  catalytic  properties  of  the  liquid  tin,  in 
contrast  with  nickel. 

The  electronic  resistance  of  liquid  tin  is  very  small  at 
SOFC  operating  temperatures,  especially  considering  the  larger 
anode-electrolyte  contact  area  used  for  liquid  anode  SOFCs.  Elec¬ 
tron  flow  through  the  tin  to  the  current  collector  should  thus  be 
sufficient.  Surface  tension  measurements  of  drops  of  liquid  tin 
were  also  reported  by  Ricci  et  al.  as  a  function  of  temperature  and 
oxygen  partial  pressure  [20].  Surface  tensions  between  520  and 
550  dynes  cm-1  are  reported  between  temperatures  of  352  and 
827  °C  at  low  oxygen  partial  pressure  for  several  heating/cooling 
rates.  In  the  design  of  LTA-SOFC  systems,  surface  tension  affects  the 
tin/electrolyte  contact  angle  for  a  given  geometry.  For  thin  layers 
of  tin,  extra  pressure  may  be  required  to  improve  contact  between 
the  tin  and  the  electrolyte.  Viscosity  numbers  are  pertinent  if  cir¬ 
culation  of  the  liquid  tin  is  required  for  processing  (e.g.,  removal  of 
slag,  further  reaction  with  fuel). 


3.2.  Sn-0  phase  diagram 

The  phase  diagram  for  oxygen  and  tin  provides  fundamental 
information  on  the  possible  states  for  oxygen  in  tin.  Flowever, 
a  review  of  available  data  shows  variability  in  oxygen  solubility 
in  tin.  An  early  version  of  the  Sn-0  phase  diagram  presented  by 
Hansen  [21]  did  not  define  the  oxygen  solubility  at  low  concen¬ 
trations,  which  was  indicated  by  dashed  boundary  lines.  A  more 
recent  version  of  the  phase  diagram  for  the  Sn-0  system  deter¬ 
mined  by  Cahen  et  al.  [22]  is  given  in  Fig.  4.  The  thermodynamic 
model  used  for  the  liquid  phase  of  this  diagram  is  Hillert’s  partially 
ionic  liquid  model.  The  electronic  structure  of  the  liquid  tin  via  such 
a  model  allows  for  the  solubility  of  oxygen  [O]  in  the  liquid  (Meltl ) 
at  low  concentrations  of  oxygen.  The  solubility  limit  of  oxygen  is 
~2%  at  1000  °C.  Above  this  concentration  of  oxygen,  Sn02  begins  to 
precipitate  (Sn02  m.p.  =  2000°C). 

The  solubility  of  oxygen  in  tin  was  also  investigated  by  Belford 
and  Alcock  [23]  and  is  presented  in  Table  3.  The  solubility  values 
from  EMF  measurements  were  only  obtained  between  500  °C  and 
751  °C.  Eq.  (3.1 )  is  derived  from  the  experimental  data  where  N[Sn] 
is  the  mole  fraction  of  tin  and  the  term  N1/2  [Sn]cs  corresponds  to  the 
equilibrium  constant  for  the  reaction  (l/2)Sn02(s)  =  (l/2)Sn(l)  +  [O]. 
By  fitting  Eq.  (3.1 )  into  the  form  of  the  error  equation  (3.2),  the  two 
can  be  used  to  predict  the  solubility  in  the  temperature  range  of 
232-11 00  °C.  This  is  possible  provided  the  conditions  of  oxygen  in 
tin  follow  Henry’s  law  and  the  activity  of  tin  obeys  Raoult’s  law  for 


Fig.  4.  Phase  diagram  for  Sn-0  (Celcius  scale  added)  [22]. 


values  up  to  1.0  at%  [O]. 

•ogio(N1/,2[Sn]cs)  =  — 5670/T  +  4.12  (3.1) 

logio(N1/2[Sn]cs)  =  -(5730  ±  210)/T  +  (4.19  ±  0.23)  (3.2) 

Experimental  work  was  performed  at  CellTech  Power  in  an  attempt 
to  validate  the  oxygen  solubility  in  the  tin  anode  fuel  cell  and  to 
potentially  narrow  down  the  range  of  values  found  in  the  litera¬ 
ture.  CellTech  Power  Gen  2.0  cells  were  tested  electrochemically 
to  determine  the  voltage  decay  at  various  load  values  in  an  inert 
anode  environment.  Since  the  conversion  of  Sn  to  Sn02  is  calculated 
to  occur  below  0.78  V,  the  [O]  can  be  calculated  by  the  [O2-]  flux 
through  the  electrolyte  at  each  current  value.  Based  on  this  exper¬ 
imental  method,  the  oxygen  solubility  was  shown  to  be  closer  to 
0.8  at%  at  the  1000  °C  operating  temperature. 

Finally,  the  present  authors  determined  the  oxygen  solubility 
of  the  Sn-0  system  using  the  thermodynamic  modeling  software, 
FactSage™  version  5.6  [24,25],  based  on  the  available  thermody¬ 
namic  data  for  the  Gibbs  free  energy  of  formation  for  tin  oxides 
[26-31].  Fig.  5  shows  oxygen  solubility  through  a  temperature 
range  of -173  <T<2727°C,  with  a  maximum  of  ~10%  occurring  at 
1600  °C.  At  the  fuel  cell  operating  temperature  of  1000  °C,  the  oxy¬ 
gen  atom  solubility  is  predicted  to  be  about  0.5%,  which  is  similar 
to  that  provided  by  Belford  and  Alcock  [23],  but  much  different 
than  that  shown  by  Cahen  et  al.  [22].  Differences  in  the  phase 
diagrams  demonstrate  the  variability  in  the  understanding  of  the 
solubility  limit  of  oxygen  and  other  species  in  tin.  The  FactSage™ 
analysis  does  not  account  for  a  second  liquid  phase  or  intermedi¬ 
ate  compounds  that  create  a  miscibility  gap  at  1040°C  (as  evident 
in  Fig.  4).  The  gas  phase  regions  also  show  some  differences  in  the 
maximum  oxygen  solubility.  The  shape  inconsistency  of  the  (Sn- 
liq  +  gas)  boundary  can  likely  be  attributed  to  the  assumptions  used 
for  the  gas  phase  mixture  and  the  thermodynamic  data  available  in 
FactSage™. 


Table  3 

Oxygen  solubility  in  tin  [23]. 


Temperature,  °C 

at%  [O] 

wt%  [O] 

Method 

536 

0.0012 

0.0002 

Measured 

600 

0.0042 

0.0006 

Measured 

700 

0.0190 

0.0026 

Measured 

751 

0.0360 

0.0048 

Measured 

800 

0.0708 

0.0096 

Calculated 

850 

0.1220 

0.0165 

Calculated 

900 

0.2020 

0.0273 

Calculated 

950 

0.3200 

0.0432 

Calculated 

1000 

0.4880 

0.0660 

Calculated 

1050 

0.7230 

0.0976 

Calculated 

1100 

1.0390 

0.1403 

Calculated 
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Mole  fraction  O 

Fig.  5.  Solubility  of  oxygen  in  Sn-0  system  as  a  function  of  temperature.  Total 
pressure  =  1  bar. 

The  molten  tin  anode  layer  in  an  SOFC  acts  as  a  conduit  for 
oxygen  between  the  electrolyte  and  the  fuel.  The  oxygen  solubil¬ 
ity  limit  in  tin  is  thus  a  significant  operating  parameter  since  the 
effective  oxygen  conductivity  of  the  tin  layer  is  directly  propor¬ 
tional  to  the  amount  of  oxygen  that  can  be  pumped  into  the  tin 
without  causing  the  formation  of  a  solid  tin  oxide  species.  Differ¬ 
ences  in  solubility  from  0.5  to  2.0  at%  represent  a  fourfold  increase 
in  the  oxygen-carrying  capability,  which  could  limit  the  minimum 
area  or  maximum  thickness  of  the  tin  layer  depending  on  the  cell 
geometry. 

Although  the  oxygen  solubility  limit  cannot  be  absolutely 
resolved  as  yet,  several  regions  within  the  phase  diagrams  are  perti¬ 
nent  to  understanding  oxygen  transport  within  the  tin-anode  SOFC. 
All  data  show  a  lower  solubility  limit  of  oxygen  in  liquid  tin  for 
temperatures  477  <  T<  1 600  °C  and  oxygen  atom  concentrations  are 
less  than  ca.  2%  at  1 000  °C.  Addition  of  oxygen  beyond  the  solubility 
limit  will  precipitate  a  phase  of  Sn02,  SnxOi+x,  or  SnO  depending  on 
the  operating  temperature.  Differential  scanning  calorimetry  mea¬ 
surements  were  made  by  Bonicelli  et  al.,  confirming  that  only  Sn02 
is  found  at  temperatures  >525  °C  when  disproportioning  SnO  [32]. 

As  a  result  of  the  work  of  Bonicelli  et  al.  showing  Sn02  present 
above  525  °C,  it  is  prudent  to  examine  some  of  the  thermochemi¬ 
cal  properties  for  Sn02  systems.  Tin  dioxide  is  an  n-type  wide  gap 
semiconductor  with  a  bulk  conductivity  on  the  order  of  0.3  S  cm-1 
at  1000 °C  [33];  however,  this  number  reflects  dense  Sn02.  A  less 
dense  layer  of  Sn02  can  exhibit  a  conductivity  that  is  multiple 


orders  of  magnitude  lower,  especially  at  higher  temperatures  [34]. 
This  decline  in  conductivity  explains  why  the  power  output  of  a 
tin-based  SOFC  would  significantly  decline  even  with  the  forma¬ 
tion  of  thin  layers  of  Sn02.  A  chemical  diffusion  coefficient  for 
oxygen  in  Sn02  was  reported  by  Kamp  et  al.  [35].  Through  a  tem¬ 
perature  range  of  700-1 000  °C,  the  chemical  diffusion  coefficient 
is  expressed  as  D0  =  0.02  cm2  s-1  exp(-0.9eV//<T).  The  density  of 
Sn02  at  room  temperature  is  7.0 gem-3  (compared  to  7.3 gem-3 
for  metallic  tin  at  25  °C).  Flowever,  in  the  higher  temperature 
operating  range  for  SOFCs,  Sn02  is  denser  than  molten  tin:  p  for 
Sn02  is  calculated  to  be  approximately  6.98  g  cm-3  while  that  for 
molten  tin  is  6.6  and  6.5  g  cm-3  at  800  °C  and  1 000  °C,  respectively 
[17,36].  Since  Sn02  is  denser,  the  operating  voltage  of  the  cell  must 
be  closely  monitored  to  avoid  the  formation  of  the  oxide  at  the 
electrolyte-anode  interface  (especially  in  planar  designs  with  the 
tin  bath  resting  on  top  of  the  electrolyte),  as  the  oxide  layer  will  not 
float  to  the  top  to  allow  for  its  possible  removal. 

There  are  still  differences  in  the  literature  values,  both  experi¬ 
mental  and  predicted,  especially  for  the  oxygen  solubility  in  liquid 
tin.  There  is  a  need  for  a  complete  scientific  understanding  of  this 
interaction  as  applied  to  fuel  cell  applications.  Information  on  phys¬ 
ical  properties  including  contact  angle  and  surface  tension  for  high 
temperatures  and  various  environments  (oxidizing  to  reducing) 
have  also  not  been  well-defined,  but  are  critical  to  design  of  systems 
with  long  term  stability. 

4.  Experimental  data 

4. t.  Experimental  setup 

One  of  the  objectives  of  the  LTA-SOFC  research  performed  at 
NETL  is  to  clarify  the  oxygen  transport  mechanism  through  the 
liquid  tin.  Since  the  goal  is  to  accurately  measure  anode  kinetics 
and  not  to  maximize  performance,  the  sample  cell  was  designed 
with  a  convenient  planar  geometry.  A  planar  configuration  sim¬ 
plifies  calculations  and  accommodates  quick  changes  in  electrode 
dimensions,  fuel  flow,  etc.  to  isolate  different  components  of  anode 
operation.  The  initial  experimental  setup  shown  in  Fig.  6(a)  uti¬ 
lized  a  ~30mm  diameter  electrolyte-supported  button  cell  with  a 
screen-printed  LSM  cathode  and  a  6-20  mm  thick  layer  of  molten 
tin  (99.999%,  Alfa  Aesar).  Both  yttria-stabilized  zirconia  (YSZ)  and 
Hionic™  (purchased  from  Fuel  Cell  Materials,  Ltd.)  electrolyte  sup¬ 
ports  of  ~120  pan  thickness  were  tested.  The  cell  was  mounted  to 
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Fig.  6.  Liquid  tin  anode  experimental  setup,  (a)  Initial  setup  using  an  electrolyte-supported  cell  attached  to  a  YSZ  tube,  (b)  Final  setup  with  YSZ  crucible  attached  to  the  YSZ 
tube.  The  thermocouple  and  anode  current  collector  rod  are  mounted  to  separate,  independent  translation  stages. 
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the  bottom  of  a  YSZ  tube  (6  mol%  Y203,  McDanel  Advanced  Ceramic 
Technologies)  using  two  coats  of  Aremco  885  ceramic  sealant,  each 
cured  at  265  °C  for  2h.  Current  collection  on  the  screen-printed 
cathode  was  performed  using  a  platinum  mesh  attached  with  a 
platinum  ink.  The  voltage  and  current  leads  were  silver  wire  welded 
to  the  platinum  mesh. 

For  current  collection  on  the  anode  side,  a  graphite  rod  was 
brought  into  contact  with  the  25  mm  diameter  molten  tin  bath. 
Material  selection  for  electrical  contact  with  the  liquid  tin  is  signif¬ 
icant,  in  that  the  material  must  be  relatively  insoluble  in  liquid  tin 
(to  prevent  alloying)  and  it  must  survive,  chemically  and  mechan¬ 
ically,  in  a  reducing  environment  up  to  1000°C.  Common  SOFC 
contact  materials  such  as  platinum,  gold,  and  silver  are  all  solu¬ 
ble  in  liquid  tin.  And  while  carbon  is  certainly  a  candidate  fuel  for  a 
liquid  anode  SOFC,  the  authors  found  that  as  long  as  a  more  reactive 
fuel  is  present  (e.g.,  H2,  pulverized  coal)  and  as  long  as  the  current 
density  is  extremely  low,  the  graphite  is  kinetically  stable.  The  free 
end  of  the  graphite  rod  was  wrapped  in  two  silver  lead  wires— one 
for  delivering  current  and  the  other  for  measuring  cell  potential. 
An  alumina  tube  inside  the  larger  zirconia  tube  acted  as  the  anode 
fuel  inlet  line,  delivering  fuel  within  8  mm  of  the  top  of  the  liquid 
metal-gas  interface.  The  fuel  feed  can  either  be  hydrogen  gas  or  a 
solid  fuel  (activated  carbon,  pulverized  coal).  The  solid  fuel  can  be 
delivered  through  a  lock  hopper  attached  to  the  top  of  the  tube.  For 
the  diffusion  measurements  reported  here,  humidified  UFIP  hydro¬ 
gen  (3%  H20)  was  used  as  a  fuel  instead  of  solid  fuel  particulates. 
Flydrogen  fuel  was  selected  because  it  is  easy  to  deliver  to  the  sam¬ 
ple  and  because  it  lowers  the  risk  of  contaminating  the  tin  with 
possible  impurities  in  solid  fuel  sources.  Contamination  was  not 
desired  for  these  measurements  since  baseline  oxygen  diffusion 
coefficients  were  desired  for  pure  tin. 

The  cell  potential  was  continuously  monitored  using  a  National 
Instruments  Compact  FieldPoint  module.  Electrochemical  perfor¬ 
mance  data  were  collected  with  a  Solartron  1260/1287  Frequency 
Response  Analyzer/Electrochemical  Interface  or  a  Solartron  Mod- 
ulab  system.  To  measure  the  oxygen  diffusion  rate  through  the  tin 
layer,  the  voltage  across  the  cell  was  stepped  20  mV  off  of  OCV 
while  monitoring  the  current  response.  The  response  of  the  cell, 
when  diffusion-limited,  demonstrates  an  initial  spike  in  current  as 
the  tin  at  the  electrolyte-anode  interface  is  oxidized,  followed  by 
a  decay  as  the  oxygen  diffuses  away  from  the  interface  until  the 
oxygen  activity  in  the  tin  reaches  the  steady-state  value  dictated 
by  the  20  mV  step  in  potential.  The  current  response  was  also  mon¬ 
itored  as  the  potential  was  stepped  back  to  OCV.  To  solve  for  the 
oxygen  diffusion  coefficient,  the  experiment  was  assumed  to  act  as 
a  layer  of  thickness  21  with  an  initial  oxygen  concentration  of  zero 
and  with  one  surface  (the  anode/electrolyte  interface)  being  held 
at  concentration  c0  (determined  by  the  cell  potential).  The  solu¬ 
tion  to  this  one  dimensional  diffusion  problem  can  be  found  (for 
the  thermal  transport  equivalent)  in  Carslaw  and  Jaeger  [37].  The 
total  charge  passed  through  the  sample  was  calculated  up  until 
the  sample  reached  equilibrium  at  the  new  potential.  For  the  time 
required  for  92.88%  of  the  total  charge  to  pass  into  the  tin  layer,  the 
parameter  D0t//2  is  equal  to  one. 

4.2.  Results  and  discussion 

Fig.  7(a)  shows  the  average  of  10  cycles  of  stepping  20  mV  from 
an  OCV  of  0.907  V  and  holding  for  15  min  followed  by  stepping  to 
20  mV  back  to  OCV  and  holding  for  15  min.  The  sample  was  under 
hydrogen  (with  3%  FI20)  at  800  °C.  When  the  voltage  was  stepped 
away  from  OCV,  the  system  eventually  reached  a  nonzero  steady 
state  current.  This  is  the  operating  current  for  the  fuel  cell  at  that 
voltage,  and  its  value  was  subtracted  out  when  calculating  the  nec¬ 
essary  amount  of  charge  passing  into  the  tin  to  reach  the  steady 
state  oxygen  concentration.  In  the  absence  of  a  fuel  (i.e.,  when  the 
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Fig.  7.  Current  response  to  a  20  mV  potential  step  from  and  then  back  to  OCV  of 
liquid  tin  anode  SOFC  under  H2  flow  at  800  °C  for  (a)  the  button  cell  sample  and  (b) 
the  crucible-ended  sample.  The  lower  noise  in  (b)  indicates  a  lack  of  air  leaking  into 
the  tin  layer. 


sample  is  operating  in  battery  mode),  the  current  would  decay  to 
zero,  as  the  oxygen  concentration  in  the  tin  bath  reaches  the  equi¬ 
librium  value  for  the  applied  voltage.  Regardless  of  fuel  condition, 
the  current  will  decay  to  zero  when  stepping  back  to  OCV. 

As  stated  above,  the  OCV  at  800  °C  for  the  sample  used  in  Fig.  7(a) 
was  only  0.907  V,  which  is  well  below  the  ideal  Nernst  potential 
for  hydrogen  of  1.10  V  (1.07  with  3%  H20).  The  current  response 
data,  even  after  averaging  10  potential  step  cycles  together,  was 
very  noisy.  Further,  the  OCV  had  decreased  to  0.900  V  during  the 
experiment,  indicating  deterioration  of  the  cell.  Upon  removal  of 
the  sample  from  the  furnace,  the  tin  layer  contained  a  white  precip¬ 
itate  between  the  tin  slug  and  electrolyte  layer,  as  shown  in  Fig.  8. 


Fig.  8.  Photograph  of  the  surface  of  tin  slug  in  contact  with  the  electrolyte  for  the 
button  cell  sample.  The  ring  of  wing  around  the  circumference  is  Sn02. 


H.  Abernathy  et  al.  /  Journal  of  Power  Sources  196(2011)  4564-4572 


4571 


The  precipitate  was  primarily  located  around  the  circumference  of 
the  tin  and  was  progressing  inward.  X-ray  diffraction  of  the  pow¬ 
der  indicated  the  Sn02  phase.  The  ceramic  sealant  attaching  the 
button  cell  to  the  YSZ  tube  had  leaked  during  the  test,  forming  an 
oxide  layer,  which  shortens  the  diffusion  path  through  the  tin  layer 
itself  while  adding  a  physical  barrier  to  oxygen  transport  from  the 
electrolyte  into  the  liquid  tin. 

To  eliminate  the  leaking  issue,  the  sample  cell  design  was 
changed  to  that  shown  in  Fig.  6(b).  Instead  of  a  button  cell,  a  YSZ 
crucible  (6mol%  Y2O3,  McDanel  Advanced  Ceramic  Technologies) 
with  a  ~1.5  mm  wall  thickness  was  attached  to  the  YSZ  tube  again 
using  Aremco  885  ceramic  paste.  A  small  4  mm  lip  was  machined 
around  the  end  of  the  YSZ  tube  so  that  the  crucible  could  slip 
over  the  end  of  the  tube.  This  improved  the  quality  of  the  seal, 
since  it  was  no  longer  a  butt  joint,  and  it  raised  the  seal  above 
the  level  of  the  tin.  Further,  the  seal  was  above  the  end  of  the 
anode  inlet  tube,  so  any  oxygen  leaking  into  the  cell  is  blown 
out  the  exhaust  line.  The  graphite  rod  (and  attached  silver  cur¬ 
rent/potential  wires)  was  replaced  with  two  pure  rhenium  wires 
(one  for  current,  one  for  potential)  submerged  directly  into  the 
tin  bath.  The  graphite  was  replaced  because  the  graphite  rod  was 
found  to  have  partially  crumbled  and  oxidized  after  small  intervals 
of  unexpected  equipment  failure  that  caused  large  current  spikes 
to  be  applied  to  the  sample.  Additional  enhancements  in  the  cell 
design  include  (1)  adding  a  thermocouple  (type  K,  sheathed  in  an 
alumina  tube)  attached  to  a  translation  stage  for  probing  the  tem¬ 
perature  through  the  tin  bath  and  (2)  attaching  the  anode  inlet  tube 
and  current/potential  wires  to  a  second  translation  stage  to  allow 
for  insertion  and  extraction  of  the  rod  during  the  experiment. 

Fig.  7(b)  shows  a  typical  current  response  from  the  improved  cell 
design  under  the  same  conditions  used  in  Fig.  7(a).  The  smaller  cur¬ 
rent  signal  for  the  sample  in  (b)  compared  with  that  in  (a)  is  due  to 
the  thicker  YSZ  layer  of  the  crucible  (~1 .5  mm)  compared  to  that  of 
the  button  cell  (~150  p,m)  used  in  the  different  cell  designs.  While 
the  current  is  smaller,  the  noise  level  is  significantly  reduced.  A  sin¬ 
gle  potential  step  cycle  is  shown,  and  not  an  average  of  10  cycles 
as  shown  in  Fig.  7(a).  The  oxygen  diffusion  coefficient  for  tin  under 
hydrogen  (with  3%  H20)  at  800 °C  and  900  °C  was  calculated  to  be 
5.4  x  1 0-5  and  8.9  x  1 0-5  cm2  s-1 ,  respectively.  This  value  is  higher, 
although  within  an  order  of  magnitude,  of  that  shown  in  the  liter¬ 
ature  by  Chou  et  al.  (7.5  x  10-5  and  1.0  x  10-4  cm2  s-1)  [38],  Sears 
et  al.  (9.2  x  10-5  and  1.2  x  10-4  cm2  s-1)  [39],  and  Ramanarayanan 
and  Rapp  (5.2  x  10-5  and  6.6  x  10-5  cm2  s-1 )  [40]. 

While  the  oxygen  diffusion  coefficients  calculated  in  this  work 
do  not  vary  significantly  from  those  previously  reported  in  litera¬ 
ture,  one  might  ask  if  the  presence  of  hydrogen  may  significantly 
affect  the  calculated  diffusion  coefficient,  as  previous  experiments 
were  performed  in  an  inert  atmosphere.  Flydrogen  is  reported  to  be 
insoluble  in  tin,  although  there  is  some  discrepancy  between  Refs. 
[16,19,41,42].  The  most  common  metals  reference  books  cite  the 
work  by  Bever  and  Floe  [19]  that,  while  questionable,  calculated 
the  solubility  of  hydrogen  in  tin  at  1000°C  to  be  0.04  cm3  of  FI2  at 
1  atm.  per  1 00  g  of  Sn.  This  amount  is  equivalent  to  9  x  1 0-5  at%  H  in 
Sn,  more  than  two  orders  of  magnitude  than  the  oxygen  solubility 
limits  calculated  in  this  present  work.  Bever  and  Floe  contradicted 
earlier,  even  less  reliable  data  from  Iwase  [43]  that  reported  much 
higher  hydrogen  solubility  limits:  0.014 at%  FI  in  Sn  at  ~1000°C. 
This  value  is  still  at  least  an  order  of  magnitude  smaller  than  the 
solubility  limit  of  oxygen;  however,  one  would  also  have  to  consider 
the  mobility  of  hydrogen  atoms.  There  are  no  reported  values  for 
the  diffusion  coefficient  of  hydrogen  in  liquid  tin;  however,  Sacris 
and  Parlee  did  measure  hydrogen  transport  in  liquid  nickel,  cop¬ 
per,  and  silver  while  attempting  to  measure  it  in  liquid  tin  [44]. 
They  estimated  that  the  hydrogen  diffusivity  in  tin  would  be  the 
fastest  of  all  the  tested  metals,  with  silver,  the  next  fastest,  hav¬ 
ing  a  diffusion  coefficient  of  ~3.89  x  10-2  cm2  s-1  at  800  °C.  This 


value  is  almost  three  orders  of  magnitude  larger  than  the  oxygen 
diffusion  coefficient  in  liquid  tin  at  800  °C.  A  larger  value  should  be 
expected,  as  hydrogen  is  smaller  and  lighter  than  oxygen.  If  enough 
mobile,  active  hydrogen  is  present  in  the  tin  bath,  the  effective  dif¬ 
fusion  path  length  for  oxygen  diffusion  could  be  reduced  as  the 
oxygen  could  react  with  hydrogen  before  reaching  the  tin  surface. 
A  shorter  effective  diffusion  path  length  would  reduce  the  calcu¬ 
lated  value  of  D0.  Potential  step  measurements  with  and  without 
hydrogen  (i.e.,  under  UFIP  argon  or  with  carbon-containing  fuel) 
are  currently  being  made  to  isolate  the  effect  of  hydrogen. 

A  higher  diffusion  coefficient  could  also  result  from  convection 
from  within  the  tin  bath.  The  translatable  thermocouple  indicated 
that  at  800  °C  and  900  °C  the  tin  bath  was  isothermal,  within  ±0.5  °C 
for  up  to  a  1  cm  thick  layer  of  tin,  so  thermal  convection  should 
not  play  a  large  role.  Solutal  convection  may  add  to  oxygen  trans¬ 
port,  but  it  has  not  been  accounted  for  in  these  calculations  [39]. 
Mechanical  convection  may  result  from  the  flow  of  gas  blown  onto 
the  top  of  the  tin  bath.  This  effect  can  be  isolated  by  varying  the 
flow  rate  across  the  sample  (even  testing  under  stagnant  gas  flow 
conditions). 

To  put  the  oxygen  diffusion  coefficient  D0  values  into  perspec¬ 
tive,  one  can  calculate  an  oxygen  conductivity  o0  at  temperature  T 
value  using  the  equation 


in  which  z0  is  the  charge  of  the  oxygen  ion,  k  is  the  Boltzmann 
constant,  and  c0  is  the  concentration  of  the  oxygen  species  within 
the  liquid  tin.  For  example,  at  900  °C,  using  D0  =  8.9  x  10-5  cm2  s-1 
(from  experimental  data)  and  co  =  0.0018  mole  fraction  (from 
FactSage  calculations),  then  the  oxygen  conductivity  would  be 
0.034  S  cm-1.  To  compare,  the  oxygen  conductivity  of  6mol%  YSZ 
(the  crucible  material  used  in  the  diffusion  coefficient  experiments) 
at  900  °C  is  0.08  S  cm-1,  within  the  same  order  of  magnitude.  For 
any  system  in  which  the  tin  layer  is  significantly  thicker  than  the 
electrolyte  layer,  the  ohmic  drop  across  the  tin  layer  due  to  oxygen 
transport  will  be  greater  than  that  due  to  oxygen  transport  through 
the  electrolyte.  The  minimum  tin  layer  thickness  is  dictated  by  the 
wetting  characteristics  of  tin  with  the  electrolyte.  As  tin  does  not 
wet  YSZ,  a  thin  tin  layer  would  require  a  certain  amount  of  pres¬ 
sure  or  a  support  layer  to  force  the  tin  against  the  YSZ.  Likewise, 
additives  can  be  used  to  make  the  tin  wet  the  electrolyte;  however, 
the  effect  of  the  additives  on  the  oxygen  transport  or  fuel  oxidation 
kinetics  would  need  to  be  evaluated.  Increasing  the  rate  of  oxygen 
transport  through  the  tin  may  be  accomplished  through  alloying 
to  increase  the  oxygen  solubility  limit  and  possibly  increase  the 
oxygen  diffusion  coefficient.  Careful  consideration  must  be  given 
to  selecting  alloying  elements  that  will  form  a  liquid,  nonvolatile 
liquid  metal  and  will  not  form  a  slag  (i.e.,  will  not  oxidize)  during 
cell  operation. 

5.  Summary 

Liquid  metal  anode  SOFC  (LMA-SOFC)  technology  is  being  stud¬ 
ied  by  NETL  as  a  means  for  direct  conversion  of  solid  coal  to 
electricity.  A  detailed  assessment  for  the  electrochemical  activity 
and  oxygen  diffusion  within  the  liquid  tin  is  required  for  modeling 
cell  performance  with  respect  to  cell  geometry.  Test  procedures 
developed  at  NETL  are  being  used  to  characterize  the  transport 
behavior  of  the  oxygen  in  the  tin.  Analysis  of  the  electrochem¬ 
ical  data  resulted  in  oxygen  diffusion  coefficients  through  tin  at 
800  °C  and  900  °C  that  were  within  the  same  order  of  magnitude 
of  previously  reported  literature  values.  The  oxygen  conductivity 
through  the  tin,  calculated  from  measured  diffusion  coefficients 
and  theoretical  thermodynamic  oxygen  solubility  limits,  is  found 
to  be  on  the  same  order  of  that  of  YSZ.  As  such,  the  ohmic  loss 
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due  to  oxygen  transport  through  the  tin  layer  is  significant  since 
the  tin  layer  will  probably  be  much  thicker  than  that  of  the  elec¬ 
trolyte.  Oxygen  transport  through  the  liquid  metal  can  be  enhanced 
through  alloying  to  increase  the  oxygen  solubility  limit;  however, 
the  impact  on  the  wetting  characteristics  of  the  liquid  metal  and  on 
the  fuel  oxidation  kinetics  needs  to  be  similarly  considered.  The  bal¬ 
ance  of  these  properties  dictates  the  ultimate  design  of  a  practical 
LTA-SOFC  system. 
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